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In many reservoirs, oil recovery is limited by the tendency of oil to adhere to 
surrounding mineral surfaces. Modern injection well techniques force fluids into the 
reservoir to enhance recovery by raising the hydrostatic pressure, but still leave behind a 
significant amount of the oil. Attractive intermolecular forces, especially van der Waals 
forces, are responsible for these inefficiencies; however, the relative strength of 
electrostatic repulsion in the solution also plays a role. This study seeks to maximize oil 
recovery by determining the factors that lead to adhesion at the nanoscale, thus allowing 
for optimized recovery techniques to be employed.  
Atomic force spectroscopy provides direct and precise measurements of the oil-
mineral interactions taking place in a simulated reservoir environment. The use of crude 
oil and sandstone grains from actual oil reservoirs keeps the experiment more analogous 
to the native conditions. In our experiments, an oil-functionalized probe is approached to 
the mineral surface in a liquid environment and then promptly retracted, and the active 
forces can be assessed with piconewton (pN) resolution. Our results show that solution 
composition directly affects the interactions between oil and rock.  
In particular, Experiments 13 and 18, run with a dry oil-coated probe on a “K” 
sandstone grain produced adhesion values that were up to 1 nN lower in the low salinity 
brine. Also, the initial response of the probe in more than 85% of low salinity, “K” grain 
approach curves were categorized as repulsion, and only the low salinity curves of Ex. 8 
showed repulsion at 10 nanometers, which averaged 3 pN. Given that these experimental 
conditions are designed to reproduce an actual reservoir on a small-scale, it is predicted 
that a low salinity waterflood would generate increased levels of oil recovery. 
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Introduction  
Despite the rapid advancements in drilling, well architecture, exploration, and 
other production technologies, oil recovery rates average just 30–40% in pressure-
depleted wells (Hyne, 2001). The inability to extract oil from the reservoir in an 
economical and environmentally sensitive fashion is the limiting factor to improvement. 
Modern waterflooding techniques inject huge quantities of fluid into the reservoir rock to 
enhance recovery by raising the hydrostatic pressure (Economides et al., 2012). Yet, 
crude oil displays a tendency to stick to mineral surfaces due to attractive intermolecular 
forces, most notably van der Waals forces. A better understanding of the molecular 
interactions taking place at depth in the reservoir could lead to more efficient methods for 
increased production and minimized resource waste in the oil industry. 
Hydrocarbon reservoirs typically contain significant amounts of pore space that 
host oil, water, gas phases, and other particulates. Crude oil is composed of a wide 
variety of hydrocarbon molecules that are classified based on polarity. Resins and 
asphaltenes are the most polar constituents; they tend to interact with and alter the 
wettability of mineral surfaces, turning them from water-wet to oil-wet (Kumar et al., 
2005). In a water-wet reservoir, films of water coat the surfaces and effectively buffer the 
oil-mineral interface allowing for more efficient oil transport (Buckley and Lord, 2003). 
The ions in solution serve as buffers between the rock surface and oil via a strengthened 
diffuse layer, leading to a more water-wet and thus productive reservoir. The composition 
of the connate brine, especially its ionic concentration and pH, has a significant effect on 
waterflood performance. In certain cases, lower salinity water (200–8,000 ppm) is 
observed to be much more effective than high salinity brines (Hassenkam et al., 2011). 
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These results support the ionic double layer theory, which suggests that electrostatic 
repulsion should be increased for low levels of salt, leading to more efficient oil recovery. 
The experiments will test these results and examine the effects of differing salt 
compositions on the strength of intermolecular attractive and repulsive forces. It follows, 
then, that injection well fluids can be optimized to minimize oil-mineral attractive forces. 
While natural systems where oil and minerals interact are very complex, this 
study provides a practical model that examines how these interactions change based on 
the specific fluid, substrate, or oil to be analyzed. The experiments use actual reservoir 
components, as the rock and oil specimens were recovered from a well site, while the 
brines compositions are made to mirror connate water chemistries. By testing these 
individual variables, the response of the reservoir environment can be determined. 
However, not all reservoirs behave in the same way, even when exposed to the same 
injection solutions or general conditions. A central research question lies in resolving the 
reasons for such discrepancies and whether they are caused by varying oil compositions, 
connate brine salinity, injection fluid composition or pH, the nature of the reservoir rock, 
or some other factor. 
 The atomic force microscope (AFM) is a cutting-edge instrument that can probe 
a desired surface (at the nm to µm scale) and quantify the forces acting between the 
surface and a functionalized tip (Eaton and West, 2010). A variety of methods are 
employed in our study of oil–mineral interactions. Analysis of certain common substrates 
found in oil reservoirs, namely sandstone and mica, will be conducted under optical 
microscopes, where the mineralogy and topography of the samples can be observed. The 
microscope also permits assembly of AFM cantilever tips at high magnification, as the 
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tips are glass spheres just 6-10 µm in diameter that must be carefully attached using 
epoxy glue. Solutions, prepared by serial dilution using chemically pure salts, will be 
applied to the samples to mimic reservoir conditions and provide insight into which fluids 
have significant effects on the electrostatic and van der Waals forces. For example, a 
CaCl2 solution of high concentration may be found to dampen surface forces more than a 
similar solution of KCl. Set in a liquid cell environment using force spectroscopy 
techniques, the AFM can trace over a surface and produce force curves based on 
cantilever deflections as the AFM tip (either left as a bare silica sphere or coated in crude 






Figure 1. A model force-distance curve. The cantilever tip approach and retraction are 
indicated. In this particular curve, positive force values fall within the repulsive regime, 
where electrostatic forces are greater than van der Waals forces. Negative values indicate 
attraction, with the adhesion force defined as the minimum point in the retraction curve. 
Image from Eaton and West, 2010. 
 
The liquid cell is an additional component of the AFM that allows for aqueous imaging 
and therefore a more accurate force analysis of in situ reservoir conditions. The obtained 
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data is then analyzed using a custom computer program, from which a separation 
distance-dependent force between the tip and sample can be determined. Force-distance 
curves have been employed for the characterization of all types of surface forces 
(Cappella and Dietler, 1999) 
Recovery of oil from pressure-depleted reservoirs under current methods leaves 
behind a high percentage of the resource. The cause can be traced back to the 
microscopic interactions taking place inside the reservoir between the rock, oil, and 
connate water. Through experimentation, measurements of the piconewton-scale forces 
can reveal what factors have significant effects on rock wettability and ultimately the 
amount of recovered oil. Atomic force microscopy offers unparalleled precision for 
attempts to analyze surface chemistry at nano- to micron-sized particles. Through force 
spectroscopy and surface mapping, comprehensive study of these interactions is possible 
under a variety of conditions that seek to model natural reservoir settings. The results will 
elucidate exactly what forces are present, how they change based on the environment, 











Due to the endless desire to improve efficiency and extract more natural 
resources, oil companies have financed numerous projects to learn about the phenomena 
occurring at depth in a reservoir. There remain many questions to be answered, however, 
as production levels are still relatively low and modern technology has become available. 
Advancements in microscopy such as the AFM that allow for extensive mapping at the 
scale of individual grains led to numerous studies in the 1990’s and 2000’s on wettability, 
salinity effects, colloidal interactions, asphaltene composition, and substrate morphology, 
among other variables (Buckley and Wang, 2002; Buckley and Lord, 2003; Drummond 
and Israelachvili, 2004; Ebeling et al., 2011; Hassenkam et al., 2012; Kuman et al., 2005; 
Lebedeva and Fogden, 2011; Liu et al., 2003; Sharma and Filico, 2000). Gaining an 
understanding of the results of this past research is essential to designing novel 
experiments, testing the conclusions of others, and developing ideas to expand on for 
future research. 
Many years of study on oil recovery show that it is a complex topic. Buckley and 
Liu (1998) discuss how the mixtures of compounds in crude oils and the variability of 
samples make mechanistic studies very difficult. Every reservoir is different, meaning 
that each has a new set of variables to consider when trying to maximize recovery. This 
makes designing a meaningful experiment extremely challenging because use of a 
slightly different oil, connate brine, or substrate rock can produce incompatible results. 
During oil accumulation, a fraction of reservoir (connate) water is trapped in the rock by 
capillary forces (Morrow, 1991). To further complicate matters, natural reservoirs are 
extremely heterogeneous at all scales. One pore differs from the next, while the oil 
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composition can vary drastically across the reservoir. Lord and Buckley (2002) note 
disparities in wetting properties due to mineralogy, oil composition, connate water 
chemistry, and saturation history. The most effective strategy to tackling the wide array 
of influential factors, as proven by previous studies, is to isolate one or two and 
determine how they vary. 
Research on the effects of brine salinity on oil recovery has yielded unexpected 
results. Various studies (Sharma and Filoco, 2000; Hassenkam et al., 2011; Ebeling et al., 
2011; Lebedeva and Fogden, 2011) have concluded that lower salinity connate brines 
result in higher oil recovery due to weaker van der Waals forces and stronger electrostatic 
forces, which are repulsive and get screened by ions in highly concentrated solutions. It 
became clear, however, that salinity effects were highly dependent upon oil composition 
and reservoir wettability. Sharma and Filoco (2000) found that recovery levels are 
responsive primarily to connate water salinity levels (Figure 2).  
 
Figure 2. The effect of NaCl brine salinity on oil recovery (as measured by % original oil 
in place) by waterflood methods. Injected and connate brine salinities are equivalent. 
Note high recovery rates in the first minute followed by stagnant recovery after 10 
minutes. Image from Sharma and Filoco, 2000. 
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The salinity variations of injected water can have some effect on oil recovery 
from sandstone reservoirs, which has been shown to increase as salinity is lowered during 
waterflooding (Hassenkam et al., 2011). Finally, samples that were run under oil-wet 
conditions were found to result in much lower recovery levels, indicating a relationship 
with reservoir wettability and saturation. Grasping the salinity effect requires an 
understanding of the DLVO theory, which describes the force between charged surfaces 
in a liquid medium. DLVO combines van der Waals and electrostatic forces, permitting 
the quantification of the attractive and repulsive forces acting between the surfaces given 
their physical separation (Sposito, 2004). Important inputs include the charge magnitude 
of interacting ions, the Debye screening length (the thickness of the double layer of ions 
that effects electrostatic repulsion), and the thermal energy of the system. These forces 
determine the critical disjoining pressure of the ion layer between the two surfaces, which 
has been shown to be a controlling factor in wettability as it determines the stability of 
the water film (Basu and Sharma, 1996). However, once the capillary pressure within the 
pore exceeds a threshold value, the film is ruptured and asphaltenes are deposited on the 
mineral surface (Freer et al., 2003). 
Other salinity studies have focused on altering the salt cation instead of the ionic 
concentration. In their analysis of oil deposition on kaolinite (a layered clay mineral 
common in reservoirs that tends to coat mineral grains), Lebedeva and Fogden (2011) 
found that CaCl2 restricted deposition to kaolinite edges, whereas in NaCl solutions 
aggregates formed on both faces and edges. These aggregates contained asphaltene-based 
nanoparticles, which tend to associate with resins. Asphaltenes contain aromatic rings 
with a variety of polar substituents, and are classified as the viscous portion of crude oil 
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that is insoluble in heptane and pentane. Ebeling et al. (2011) made a further distinction 
between monovalent and divalent cations in their experiments using CaCl2, MgCl2, KCl, 
and NaCl. Repulsive forces and surface charge were found to be weaker for Ca2+ and 
Mg2+ because of their stronger attraction and adsorption to the surfaces. This leads to a 
transition from net repulsive to attractive forces at lower concentrations. In addition to 
these tests, Lebedeva and Fogden (2010) also varied the solution pH. A whole new set of 
forces and interactions must be considered when examining pH effects, such as acid-base 
interactions, which dictate surface charge at oil/water/rock interfaces. With natural pH 
estimated at 5.7, the test results found that the high pH solution (~9) exhibited the lowest 
amount of wettability alteration. A related study found diminished attractive hydrophobic 
forces between asphaltene films as the pH rises, resulting in less deposition and 
aggregation (Liu et al., 2006). 
The tools used in these experiments all deal with microscopic observations. 
Goniometers can measure contact angles between water droplets and a surface, which 
serves as a proxy for the degree of wettability. In examining mixed-wet reservoirs, Freer 
et al. (2003) constructed a custom contact angle apparatus to measure advancing and 
receding angles. They managed to use these values to depict the accumulation of 
asphaltenes at the oil-water interface and the eventual rupture of the water films. Their 
study and many others that integrate contact angles supplement it with atomic force 
microscopy studies to further describe the interactions. The AFM provides nanometer to 
micron scale resolution of surfaces and is sensitive to pN-magnitude forces. Lord and 
Buckley used the AFM to image a variety of oil samples in different solvents at certain 
stages of aging. Their results highlight the multiplicity of uses of an AFM in this field of 
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work, and they managed to identify the proper settings and techniques to produce 
informative outputs. For example, they mention how scan area, height and deflection 
signals, artifacts, surface roughness, and even imaging in air vs. water can vastly 
influence image quality. The AFM has emerged as a useful tool for studying surface 
interactions with force-distance curves (Cappella and Dietler, 1999). 
As mentioned previously, asphaltenes are the most important oil component 
determining wettability and thus recovery, which has placed their structure, properties, 
and reactivity at the forefront of current research. The asphaltene fraction of crude oil is 
highly variable, ranging from 1–10%. In an aqueous environment with abundant charged 
particles and surfaces, the higher polarity of asphaltenes draws them towards nearby 
surfaces and they adsorb when that attraction exceeds the repulsive forces imposed by the 
protective double layer. In the absence of an aqueous phase, polar interactions 
predominate the oil-solid attractive forces (Buckley and Liu, 1998). CO-Wet, a database 
containing data on crude oil properties such as API gravity, refractive index, and 
acid/base numbers, was developed to relate asphaltene characteristics with wetting 
tendencies (Buckley and Wang, 2002). Drummond and Israelachvili (2002) established 
that wetting behavior is determined by the different species in the crude oil, as adsorption 
of polar species modifies mica surfaces. In general, oils with high asphaltene content tend 
to be “stickier” and harder to extract, especially those with more polar substituent groups. 
Another mechanism of interaction between crude oil and solids is surface precipitation, 
which depends mainly on asphaltene properties (Buckley and Liu, 1998). Figure 3 shows 
the evolution of flocculated asphaltenes adhered to a surface to eventually form networks 
with water-wet patches lying beneath the surface (Freer et al., 2003). 
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Figure 3. Asphaltene and resin molecules in a crude oil droplet are shown to flocculate 
and coat the edges with their polar substituent heads sticking outwards. The protective 
water film in (a) is ruptured by the attractive polar forces present between the oil and 
mineral surface, which results in asphaltene deposition (b) and trapped water pockets. 
Image from Freer et al., 2003. 
The practical nature of this research comes to light when observing actual oil 
fields and current production techniques. Waterflooding attempts to enhance oil recovery 
after primary production is completed. Thus, waterflooding is referred to as a secondary 
recovery technique, and can be designed to maintain reservoir pressure during oil 
production. Current estimates state that an extra 5–50% of oil can be extracted by a 
waterflood, which injects brine often originally recovered from the oilfield (Hyne, 2001). 
Hassenkam et al. measured recovery enhancement ranges of 5–38% when low-salinity 
injection water is used instead of seawater or formation water. Altering the salinity 
certainly remains a feasible mechanism to improve recovery in depleted wells, along with 
other modern techniques like mechanical pumping, CO2 floods, chemical floods, and 
thermal recovery. Another class of recovery process that has been applied to 
waterflooding is miscible displacement, which uses solvents that are miscible with oil to 
avoid interfacial forces (Morrow, 1991). While much remains to be learned in order to 
improve these strategies, a significant amount of information exists in this field due to 




 In order to ensure accuracy and repeatability in the experiments, a well-defined 
methodology is required. The various experimental stages incorporate a number of 
scientific instruments. Before any data can be collected from the AFM through the output 
of force curves, the instruments and materials must be set-up and calibrated. Nitrile safety 
gloves are worn at all times to avoid contamination. 
Brines  
Because the experiments are conducted in a fluid environment, we synthesize a 
brine that is to be introduced into the liquid cell. The composition of this solution is 
measured precisely, and salinity is hypothesized to be a parameter that greatly influences 
the types and strengths of the forces that are encountered. There are two very distinct 
brines used in the experiments: a formation liquid and a low salinity brine. While the 
dissolved salt concentration differs by over an order of magnitude between the two, both 
contain NaCl, CaCl2, MgCl2, and KCl salts, albeit in dissimilar amounts and ratios. 
Clearly, these salts have distinct cations with either 1+ or 2+ valences. They are all fairly 
common in natural waters, although NaCl predominates in most environments. 
The formation liquid is nearly supersaturated with an overall concentration of 
4 mol/L. The low salinity brine, on the other hand, has a concentration of 28 millimolar. 
The synthetic salt solutions are prepared by first finding the masses (measured on 
weighing paper) of the individual, reagent-grade salts. The salts are then added to a 
particular mass of picopure water, which has been passed through a Millipore Synergy 
System to remove additional dissolved ions from solution. The deionized water is 
weighed rather than measured by volume for greater accuracy. The solution is mixed in a 
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beaker by swirling, which proceeds until the salt completely dissolves. Stirring is avoided 
because it might introduce contaminants to the brine from the stirring implement. The 
solutions are stored at room temperature in closed containers to prevent atmosphere-
induced pH changes and to keep particulates from settling into the water.  
To conduct an experiment, a certain volume of one brine is injected into the liquid 
cell. After taking measurements, the brine is removed and a second brine is added. 
Essentially, the cell has to be flushed with liquid to make sure that traces from the 
previous brines are gone before the next set of measurements can take place. This process 
involves repeatedly pipetting a few mililiters of the brine to be used in subsequent 
experiments into the liquid cell and then withdrawing the liquid. Between experiments, 
the liquid cell must be cleaned, rinsed, and dried so as to avoid cross-contamination. The 
liquid cell is then covered with Parafilm to prevent dust exposure. Before its use in 
further experiments, it is rinsed with Millipore deionized water and cleaned with pure 
nitrogen gas to remove any airborne particulates. 
Substrates  
 The experiments are run primarily on freshly-cleaved muscovite mica surfaces 
and quartz grains. These substrates are intended to serve as representations of actual 
reservoir rock. Quartz is highly abundant in reservoir rocks, particularly sandstones, and 
the mica is used to represent clay minerals that cover the grains (both are sheet silicate 
minerals). The mica sheets are cut to 1 cm x 1 cm pieces of fairly uniform thickness. The 
quartz grains average a few hundred microns in diameter and are more variable in 
thickness. Mica is a sheet silicate mineral that has nearly perfect basal cleavage. Thus, 
freshly-cleaved sheets can be generated by adhering the sample to Scotch tape and then 
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proceeding to peel it off. These muscovite mica surfaces are extremely smooth, which is 
ideal for probing a surface in aqueous solution without topographic interference 
(Bickmore et al., 1999). 
The quartz grains are crushed pieces of a sandstone sample taken from a real 
reservoir. The grains are subangular in shape and get sprinkled on a glass plate containing 
epoxy, allowing them to stick. Suitable surfaces for probing under the AFM, such as 
horizontally oriented grains, can be identified with the optical microscope. Optical and 
petrographic microscopes also are useful tools to analyze thin sections and classify grains 
by mineralogy. The optical microscope is an inverted microscope with a maximum 
resolution of just over 300 nanometers. It also has darkfield, brightfield, and differential 
interference contrast (DIC) modes that offer various functional ways to image a sample. 
Meanwhile, the petrographic microscopes permit viewing under crossed polarized light to 
further examine grains. Understanding the physical and chemical properties of the 
mineral substrate helps elucidate the actual forces being observed and could be 
considered one of the factors controlling rock wettability. 
Digital images of the grains can be taken under the optical microscope, which is 
connected to a CCD camera that runs through a computer program called Scopephoto 
(Figure 4). In this case, the best grains have fresh, smooth faces that are facing upwards. 
Most grains are assumed to have minute specks of clays on their surface, which were 
originally trapped in the sandstone pore spaces (Figure 5). The presence of clay minerals 
should yield results that more accurately reflect natural reservoir conditions as clays 
commonly coat weathered mineral surfaces. The final step is cut the sheets of mica 
containing the quartz grains in epoxy so that the grain on which we plan to perform the 
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experiment is centrally located. This process makes the epoxy substrate the appropriate 












Figure 4.  A pair of clear quartz grains as seen under the inverted optical microscope. 
Note the smooth face of the top grain and the surrounding epoxy. 
  
Figure 5. Images of fine kaolinite particles coating a glass surface taken using (a) AFM 
height mapping, (b) corresponding phase mapping, (c) Field Emission Scanning Electron 
Microscopy (FESEM, scale bar equal to 500 nm), and (d) white-light profilometry (units 
in nm) to map vertical topography contrasts. Note the typical size of kaolinite sheets, 




Before inspection under the AFM, colloidal probes must be manufactured under 
the optical microscope (Figure 6). The AFM tips that probe the substrate surface include 
components such as a silica (SiO2) sphere with a diameter of 7 microns, a silicon nitride 
triangular cantilever that is 175 microns in length, 22 microns wide near the tip, and 
0.55 microns thick. The cantilevers are identified as Bruker AFM Probes (Code MLCT-
O10), and they have a reflective gold coating on their exterior. 
The probes are made by applying epoxy to the cantilever tip, which is then 
promptly lowered to pick up a single, isolated sphere from glass plate that contains 
hundreds of silica spheres. The epoxy allows the sphere to stick, and will harden 
completely within a few minutes. 
 
 
Figure 6. The inverted optical microcope. Probes are made using the translation stage, 
which allows for precise movement of the cantilever when attaching the spheres. 
 
The spheres may be dipped in crude oil, which occurs by much the same process 
as dipping the tip in epoxy. In this case, the oil has been derived from a reservoir, so the 
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chemical and physical properties of the oil are known based on previous testing. The oil 
may be used “as is”, as in experiments 1 and 6, or it may be dried in an oven, often for 
multiple days. The highly viscous oil coats the sphere surface and directly interacts with 
the substrate when an experiment is performed. The dry oil-functionalized probe retains 
its electrostatic properties and allows for measurement of a raw force curve between the 
probe and mineral surface. The drying process also prevents the oil from pulling off the 
sphere when the probe is brought into close contact with the sample surface and then 
retracted. Many of the experiments, however, are conducted with just the bare silica 
sphere (Figure 7). In this way, the isolated effects of the saline brine on the strength of 
the forces active between two surfaces can be evaluated without the influence of oil. 
    
Figures 7A, 7B. Triangular cantilever tips with attached spheres as seen under the 
darkfield contrast mode of the optical microscope. The black and white image on the left 
shows a bare silica sphere at 64x magnification. The color image on the right is of a 
sphere coated in dry oil at 100x magnification.   
Atomic Force Microscope (AFM)  
 
Before experimental use of the AFM, it must be calibrated to standardize its 
readings and ensure repeatability. The process involves silicon gratings that have raised 
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squares, and the lengths of the squares are known precisely in 3-dimensions. Thus, upon 
scanning the surface, any deviations in the x, y, or z directions can be calibrated to match 
the exact dimensions of the gratings. In this way, measurements in the x/y directions are 
not distorted during scans, which allows for accurate calculation of distances between 
points on the substrate surface. Meanwhile, the pull-off distance of the tip in the z-
direction from the surface can be optimized when running force curves. 
At this point, the substrate is placed in the center of the liquid cell and fastened 
tightly by two metal hooks. The liquid cell has a Teflon ring and a steel base, along with 
a thin sapphire disk in its center. The base of the liquid cell, and thus the sample, remains 
stationary in the experiments while the cantilever tip moves. This technique is called tip-
scanning and contrasts with sample-scanning, in which the tip is static but the sample 
moves freely. The liquid cell is closed so as to prevent evaporation of the brine. The 
prepared mineral specimen to be probed is then immersed in the liquid to allow the water 
to fill the pores, mirroring the aqueous environment found in the oil reservoir (Figure 8). 
  
Figure 8. The liquid cell with a square sample of sandstone grains submerged in a brine. 
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The cantilever is placed in the tip-holder, which is secured to the AFM head. The 
holder has a clear crystal prism allows laser light to pass through it and reflect from the 
cantilever into an array of photodiodes. The location of the laser spot can be centered on 
the photodiode to provide an initial point from which cantilever deflections can be 
measured (Figure 9).  
 
 
Figure 9. A schematic diagram showing the reflection of the laser off the cantilever. A 
deflection, or bend, in the cantilever changes the position of the laser spot in the 
photodiode (the “Detector”). Image from Eaton and West, 2010. 
 
 
The piezoelectric scanner (“piezo”) must have its extension range set. The 
extension range specifies how much the tip pushes down on the sample surface and how 
far it is pulled back. The number of data points to be taken in each curve can also be 
designated (each contains 1000 data points), as can the tip velocity. The latter may have 
noticeable effects on the strength of the intermolecular forces, especially adhesion. If the 
sphere approaches the surface quickly and is promptly retracted, the adhesive forces will 
be weaker than expected with a slower tip velocity. How fast the tip is pulled of the 
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surface can also dictate the effects of drag on the sphere. There are two different scanning 
modes for the AFM: contact mode and tapping mode. Contact mode allows for direct 
forces between the tip and sample to be measured, and permits the generation of force-
distance curves. 
The AFM probe will scan only the locations that had been determined under the 
optical microscope. The sphere is small enough to access even the smallest individual 
quartz grains. In fact, multiple locations on a single grain or mica sheet can be probed. 
The lateral movement of the liquid cell, however, often restricts chosen locations to ones 
near the center of the substrate. If a sharp cantilever tip is used, the surface can be 
scanned first to identify features to be analyzed further by running force curves on them. 
However, due to the large size of the tips, this is not a viable option (the images would 
have very low resolution) and the locations to be tested must be predetermined. 
The atomic force microscope is a complex, high-resolution instrument used for 
imaging and measuring material at the nanoscale (Figure 10).  
 
 
Figure 10. The atomic force microscope used in the experiments. Bungee cords 
suspended from the ceiling allow the instrument to hover, preventing interference from 
movement of the desk surface. The cords are 5/16 inch in diameter, and have a tensile 
strength of 350-400 pounds. 
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It can also detect forces in the piconewton (pN) range. The model used in the experiments 
is the Ntegra Prima, manufactured by NT-MDT. Raw data is collected through Nova 
software produced by the same company.  
pH Meter  
 After generating the force curves, the experimental materials are recovered and 
certain AFM components are stored away. In particular, the liquid cell brine is pipetted 
out and injected into a clean beaker. The pH of the fluid is then measured with a pH 
meter. This instrument was manufactured by Oakton Instruments and has a double 
junction pH electrode. The pH meter must first be calibrated with reference solutions at 
pH 4, 7, and 10. As noted in the previous work section, the brine pH has been found to 
have significant effects on oil recovery through acid-base reactions, which influence 
mineral and oil surface charges. 
Force Curves  
A total of 16 data sets were collected. For the 8 separate experiments, each has 
been run under a low salinity brine and a formation liquid (with the exception of 
experiments 4 and 7 where two tests were conducted in the low salinity liquid). Each data 
set contains between 50 and 100 individual force curves, and about 10-12 curves are run 
at different locations on the sample surface. In collecting raw data points for a curve, the 
tip approaches the surface, makes contact, and retracts back to its pull-off distance. 
During that process, the deflection (in nanoamperes, which are measurements from the 
AFM photodiode) of the cantilever induced by intermolecular forces at the surface 
interface is recorded along with the piezoelectric meter extension.  
  28 
These points are plotted in a force curve for each experimental run, with 
deflection on the y-axis and piezo extension on the x-axis. The raw data is passed through 
a custom python program to convert it into a force vs. distance curve. First, a few 
assumptions are made. Two linear fits are applied to separate regions of the initial curve: 
along the approximately horizontal portion called the no-Deflection (“noDFL”) region 
where the tip is too far from the sample surface to feel any forces, and along the diagonal 
portion called the Constant Compliance (“CC”) region (Figure 11).  
 
  
Figure 11. A typical approach curve. The Constant Compliance and no-Deflection 
regions are demarcated with the blue and green line segments, respectively. Note the 
slight upward curvature around a piezo extension of 75 nm, which indicates repulsion. 
 
Moving along the curve from right to left, the tip progressively approaches the 






the surface yet. The above curve shows electrostatic repulsion where the cantilever 
deflects upward slightly around a piezo extension of 75 nanometers before attractive 
forces snap the probe onto the surface. In the CC region, the tip has snapped to the 
surface and is being pushed in further.  
We can assume that since the deflection is in the linear elastic response region of 
the cantilever, a one-to-one relationship between extension and deflection exists. That is, 
for each nanometer that the piezo extends, the deflection will correspondingly increase by 
one nanometer, leading to a line with constant slope. The location of the surface can be 
approximated by fitting these two regions and finding the point of intersection of the 
best-fit lines. The data is then shifted to fit around the new origin, which is where the tip 
has been determined to touch the surface. 
The y-values are simultaneously scaled to make the CC region have a slope of 1, 
which changes the axis units from a measure of the electric current to the deflection 
distance (nm). To arrive at tip-to-sample distance on the x-axis, the deflection of the 
cantilever in nanometers is added to the piezo extension. For the case of a repulsive force, 
the cantilever would deflect away from the surface, leading to a greater tip-to-sample 
distance than the extension value might suggest. The opposite is true for an attractive 
force, which is assigned a negative deflection value. The final unit conversion yields a 
force on the y-axis. The deflection distance (nm) is multiplied by the spring constant 
(N/m), resulting in a force measurement at the piconewton scale. The spring constant is 
essentially a measure of the ability of the cantilever to flex; it is defined as the force 
required to bend the cantilever per unit distance. A higher spring constant indicates a 
cantilever that is less flexible and sensitive to forces. Thus, a high spring constant would 
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increase the amount of force present at a given deflection value. The spring constant 
value used in the experiments was either 0.05 or 0.06 N/m. 
Now, the data is presented in a way such that the forces are dependent upon the 
distance of the tip from the sample. The python program, by allowing the user to select 
the points for the linear fit of the CC and no-DFL regions, has transformed the raw data 
from deflection vs. extension to functional data in the form of force vs. distance. In the 
future, the program will include a graphical user interface (GUI), through which the user 
can click buttons instead of typing code. Electrostatic repulsion displays an exponential 
decay pattern with distance, due to the electronic double layer that buffers the surface 
(Adamson and Gast, 1997). Ions in solution accumulate at the negatively charged mineral 
surface, shielding it from the approaching silica sphere or oil droplet. Upon breaking 
through that layer, the tip snaps to the surface as van der Waals forces take over. 
Therefore, if repulsion exists in a given approach curve, this exponential relationship 
must be evident moving from right to left along the curve until the points abruptly drop. 
The python program permits the user to zoom in on the repulsion region, where 




Figure 12. An exponential best-fit line applied to the repulsive region.   
The best-fit equation shows exponential decay with increased distance (Equation 1). 
 y = Ae(-x/t) + yo     (1) 
where y is the force at a certain tip-to-sample distance (10 nm), A is the amplitude (the y-
intercept of the curve), x is the tip-to-sample distance, t is the Debye length, and yo is the 
vertical offset. 
 If repulsion is present, these values from the linear fit are saved in an output text 
file. A lack of repulsion simply means that the values are all zero. The retract curve is 




Figure 13. A typical retract curve. The line segments again represent the Constant 
Compliance and no-Deflection regions. The vertical distance from the lowest point to the 
horizontal extension of the no-Deflection data points equals the adhesion force in nN. 
 
The retract curve should be read from left to right, as cantilever is pulled off the surface 
around a piezo extension of 100 nanometers. Again, in the CC region, the tip is in contact 
with the surface, while in the noDFL region, the probe is far from the surface and beyond 
the range of intermolecular forces. Adhesion is definitively present when the curve drops 
below the horizontal level of the no-DFL line. The amount of adhesion is calculated as 
the vertical distance down to the minimum point on the curve (Hassenkam et al., 2011). 
Unlike in the case of repulsion, the vast majority of curves show at least a mild adhesion 
component. The adhesion force (in nN) is also output for each curve. 
 The data generated from the approach and retract curves for each data set are 






and standard deviation of two values in particular (Adhesion force and Force at 10 nm) 
are calculated. Any curves with outlier values are also identified and reprocessed to 
determine whether it should be excluded from the data set or not. 
 The Debye length (in nm) is one of the approach curve outputs and can be 
predicted beforehand because the brine composition is known. Thus, the Debye length 
calculation can be compared to the actual values to determine their accuracy. The Debye 
length is the t value in the prior equation, and the python program calculates it by finding 
when t = x. At this value, the exponential fit equation becomes y = A/e. In the theoretical 
case, it is defined by a separate equation (Equation 2). 
  k-1 = 
!∗!o∗!B∗!!i∗!i2∗!2!       (2) 
where k-1 is the Debye length, ε is the dielectric constant for water at the temperature T in 
Celsius, εo is the permittivity of free space, kB is Boltzmann’s constant, T is the 
temperature in Kelvin, n is the molarity of the ions, z is the valency of the ions, and e is 
the electric charge in coulombs (Israelachvili, 1991). The Debye length depends simply 
on the properties of the liquid, whereas the surface charge or potential has no effect 
(Israelachvili, 1991). 
 Although the equation appears very complex, the entire numerator and the value 
for e are constants, which allows for simplification (Equation 3). 
  k-1 = 
!!i∗!i2!      (3) 
Thus, when the molarity and valence of the brine salts are known, the Debye length can 
be calculated. For a 1 millimolar solution containing monovalent ions such as NaCl, the 
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calculated Debye length is about 10 nanometers (nm). For the low salinity fluid with a 
concentration of 28 millimolar, a Debye length of 1.8 nm is expected. The low salinity 
curves in Experiment 8, which did show repulsion, had an average Debye length was 2 
nm, with a standard deviation of 0.4 nm. Thus, long Debye lengths occur in dilute 
solutions where fewer ions are present to screen electrostatic forces. 
 The final component of the exponential fit equation is yo, which is equal to the 
difference between the no-DFL line and the exponential fit line extended out into the no-
DFL region. Ideally, the vertical offset would be zero, but it corrects for any deviations in 
vertical force values generated by the unconnected fit lines. 
 By following this procedure, the raw data can be converted into a format that 
directly reflects the fluctuations in intermolecular forces measured by the AFM. The 
output data files can be organized and analyzed in a meaningful way, which facilitates 
data interpretation for both the adhesive and repulsive forces. These quantifiable 
disparities help distinguish the most influential parameters in minimizing adhesion 









 A total of 18 experiments were conducted, as illustrated in Table 1. Measurements 
of adhesion and repulsion were taken on the surface of mica sheets or “K” sandstone 
grains. Each experiment (with the exception of Ex. 4, 7-1, and 7-2) was run in both a low 
salinity brine and a formation liquid (high salinity), in order to quantify the effect of 
salinity on the presence and magnitude of intermolecular forces. The bare silica probe 
served as a control, and was used to calibrate the experiments on mica given a particular 
tip. Most experiments contained between 50 and 80 curves, with measurements taken at 
multiple, distinct locations on the mineral grain. This spatial variability helps ensure a 
















    Table 1. The experiments are distinguished based on coating of the silica probe and the 
type of mineral substrate. Experiments 4, 7-1, and 7-2 were run only in a low salinity 
brine, while Experiments 10, 14, and 15 were not completed. 
 
 
 The processing of force curves generated separate data sets for the approach and 
retract curves, containing results for both repulsion and adhesion measurements, 
respectively. Based on the best-fit equation (Equation 1), the Force at 10 nm (in pN) is 
calculated for each approach curve in order to quantify any repulsion. An adhesion value 
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(in nN) is also generated for each retract curve that is representative of the adhesive force 
between the probe and surface. For each data set, an average and standard deviation is 
computed. Figures 14-17 illustrate the adhesion results of these experiments in order to 
compare values between different substrates and coatings. 
 
  
Figure 14. Adhesion values collected from experiments run using a bare silica probe, 
either on mica or a K-grain. Black and red points indicate low salinity and formation 




Figure 15. Adhesion values collected from experiments run using a dry oil-coated probe, 








Figure 16. Adhesion values collected from experiments run on a mica substrate, either 










Figures 17A, 17B. Adhesion values collected from experiments run on a “K” mineral 
grain, either using a bare silica probe or a dry oil-coated probe. As different grains were 
used for the experiments (see Methods section and Figures 5A-C), Figure 17B separates 
experiments based on the individual grains. 
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 As noted above, measurements were taken at multiple locations on each mineral 
surface, which resulted in significant spatial variability amongst sites. These disparities 
were especially prevalent in experiments run on the sandstone grains, as they clearly have 
rougher surfaces than the planar mica sheets. Figures 18-21 contain the adhesion values 

























Figures 18A, 18B. Adhesion values collected from Experiment 9, run on a “K” mineral 
grain using a bare silica probe, in a low salinity brine and formation liquid, respectively. 
Curves measured at different sites across the grain surface are identified, with the 






Figures 19A, 19B. Adhesion values collected from Experiment 13, run on a “K” mineral 
grain using a dry oil-coated probe. Curves measured at different sites across the grain 





Figures 20A, 20B. Adhesion values collected from Experiment 16, run on a “K” mineral 






Figures 21A, 21B. Adhesion values collected from Experiment 18, run on a “K” mineral 
grain using a dry oil-coated probe. Curves measured at different sites across the grain 
surface are identified. 
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 A wet oil coating was applied to the silica probe for three experiments, all of 
which were run on a mica substrate, as noted in Table 1. The figure below contains the 
adhesion results of the first two of those experiments. 
 
  
Figure 22. Adhesion values collected from experiments run on a mica substrate using a 
wet oil-coated probe. 
 
 
 The adhesion data from the third wet oil experiment (Ex. 11), displayed a peculiar 
trend in the low salinity brine. In particular, the variation between sites is quite dramatic. 
For this reason, despite being conducted on mica, which is expected to be fairly 
homogenous, the results are separated based on their location on the mica surface, as seen 





Figures 23A, 23B. Adhesion values collected from Experiment 11, run on a mica 
substrate using a wet oil- coated probe, in a low salinity brine and formation liquid, 
respectively. Curves measured at different sites across the grain surface are identified, 
with the individual values in black and site-specific averages and standard deviations in 
red. 
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 Whereas every data set displayed some degree of adhesion, even if the force was 
hardly discernible, there was a lack of electrostatic repulsion in all but one case for 
experiments run on mica. As previously described, the presence of electrostatic repulsion 
was determined by an exponential fit equation in the approach curve. As Figure 24 
illustrates, only in Experiment 8 did a measureable amount of repulsive force exist, and 
almost half (32/65) of those curves showed no repulsion. 
 
  
Figure 24. Repulsion values collected from Experiment 8, run on a mica substrate using a 
dry oil-coated probe in a low salinity brine. Curves measured at different sites across the 
grain surface are identified, with the individual values in black and site-specific averages 
and standard deviations in red. 
 
Finally, as introduced above, Experiment 11 displayed anomalous trends in 
adhesion for the low salinity test. Similarly, repulsion was present in curves 3-29, where 
large pull-off forces were measured, only to disappear starting at curve 30. The repulsion 
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was exhibited far from the surface, making it impossible to accurately process the force 
curves. 
 Given its increased topography, a different, more qualitative approach was taken 
to identify repulsion for experiments run on the rougher “K” mineral grains. Based on 
analysis of the graphical appearance of the approach curves, the initial response of the 
probe upon encountering surface forces could be classified as either being repulsive in 
nature, attractive, or neither. Flexure of the cantilever upwards indicates repulsion as the 
tip is pushed away from the surface, while downward movement suggests van der Waals 
attraction. In other curves, the cantilever's response may be flat until it touches the 
surface and begins to deflect linearly (classified as "No Curve"). The results of this 
analysis for the four experiments run on the various K-grains are presented in Figures 










Figures 25A, 25B. Approach curves from experiments conducted on the “K” mineral 
grains are categorized based on the initial response of the probe to surface forces. The 
height of the bars indicated the % of observations out of the total set. 
  50 
  
For the experiments conducted using a dry oil-coated probe, oil was dried in a 
Thermo Scientific Lindberg Blue M oven at 50°C for a period of time that ranged from a 
day to more than a week. In order to quantify the dryness of the oil, a technique of 
finding the resonance frequency shift of the probe was applied. The cantilever tip is 
oscillated rapidly, and from this movement the resonant frequency can be measured. 
Then, using the following equation, the mass of the tip can be calculated (Equation 4). 
 f = (𝑘/𝑚)      (4) 
where k is the spring constant (set independently for each experiment) and m is the mass 
of the tip. Thus, a more massive tip leads to lower frequencies. Five or six measurements 
were taken at each stage, starting with the bare silica probe and progressing to wet oil 
application and subsequent drying. The resonance frequency shift can be calculated as the 
frequency at the peak magnitude for each curve. Thus, the average resonance frequency 









Figures 26A, 26B, 26C. Resonance frequency shift curves taken on the dry oil-coated 
probes used in Experiments 8 (A), 12 (B), and 17 (C). The mean resonance frequency 




For Figure 26C, the incremental drying of the probe is captured by progressive 
measurements. The dry oil curves (1-5) in this case were collected after 3, 3.7, 6.7, 7.8, 
and 8.7 days of drying, respectively. The change in resonance frequency during this 




Figure 27. The change in resonance frequency for the dry oil-coated probe used in 



















 The results reveal a number of trends, both across the entire dataset and down to 
the level of individual experiments and curves. The ability to isolate particular 
experimental variables and analyze their effect on adhesion and repulsion measurements 
highlights a number of factors that influence the interfacial interactions taking place in an 
oil reservoir. These include salinity, oil presence and maturity, mineralogy of the host 
rock, and surface roughness, among others. 
Bare Probe on Mica  
 Adhesion measurements taken with a bare silica probe on a mica substrate 
produced consistent results and revealed clear salinity effects. Three experiments (Ex. 2, 
3, and 5) all had adhesion values of 0.1 nN or less in the formation liquid. In these cases, 
positively charged ions such as Ca2+ and Mg2+ in the brine are suggested to be adsorbing 
to the negatively charged mica surface, thus switching the charge to positive. This creates 
an electrostatic attraction between the tip and the mica.  However, the high ionic 
concentration of the brine played a role in screening this attractive force, and any 
adhesion likely results from van der Waals attraction. Meanwhile, adhesion was about an 
order of magnitude higher in the low salinity brine, with values of 1 nN or greater. With 
fewer ions present to screen the tip-surface interactions, the combination of electrostatic 
and van der Waals attraction meant that a greater pull-off force was required to retract the 
tip. Other experiments run with a silica probe on mica in a low salinity brine include 4, 7-
1, and 7-2, with corresponding adhesion values of 6, 0.3, and 0.9 nN (Figure 14). Clearly, 
a large degree of variation exists even amongst data obtained with the same experimental 
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variables. However, even the lowest values remain multiple times greater than their 
formation liquid equivalents. 
Bare Probe on K-Grain 
 
 When a quartz grain (the “K-grain”) is used as the substrate in the bare probe 
experiments, the distinction based on salinity becomes less clear. Experiments 9 and 16 
show adhesion values that are fairly low and tightly clustered. In Ex. 9, the formation 
liquid and low salinity essentially overlap at around 0.3 nN, with the former having a 
slightly greater average value. Adhesion for the low salinity in Ex. 16 is greater at 0.6 nN, 
yet the formation liquid value is about one standard deviation less. Overall, the K-grain 
experiments using a bare probe did show salinity dependencies, although they exhibited 
opposite trends that are apparently contradictory to one another. More experimentation 
under these conditions might provide clarity. However, formation liquid values are 
substantially greater on the K-grain than on mica. This may be a consequence of rougher 
surface topography making multiple points of contact with the probe and resulting in 
greater van der Waals attraction.  
 Figures 18 and 20 show the variation in adhesion by site for Experiments 9 and 
16, respectively. Multiple locations on the surface of the quartz grain were tested in order 
to get a more accurate depiction of active surface forces and reveal the effect of a more 
irregular, non-planar surface that predominates in all natural reservoirs. Based on these 
plots, the variation across both individual data points and sites becomes apparent. The 
changing topography of the grain is believed to influence these trends, with smoother 
areas presenting less surface area for the tip to interact with. Thus, rougher locations on 
the grain might be expected to have a greater pull-off force, as attraction is enhanced with 
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greater surface area. For Ex. 9, no site had an average value of greater than 0.6, and only 
a couple sites had negligible adhesion (less than 0.1 nN). Ex. 16 had relatively higher 
values, and Figures 20a and 20b show coincidental site similarities between the two 
salinity runs, despite not testing the same locations on Grain 3. Both the formation liquid 
and low salinity liquid results exhibit significant variation among the different test sites 
and in some cases, on the same test site. Sites 3 and 4 have the highest adhesion values, 
which suggests rougher topography in these locations. They also display greater variation 
between curves. We assume that this is due both to the rough topography of the grain and 
the possibility of modifying the surface with each approach. For example, the presence of 
compressible clay particles or some other component on the mica surface might influence 
the measurements. Mica also undergoes chemical weathering to form clay minerals such 
as kaolinite, which takes up a large surface area by coating other grains. In general, the 
low salinity pull-off forces were 0.25-0.5 nN greater at each site than the corresponding 
formation liquid force. 
Dry Oil-Coated Probe  
 The addition of a dry oil coating to the AFM probe provided a new experimental 
variable that altered the nature of intermolecular forces. While the magnitude of the pull-
off force is comparable to those obtained in the bare silica experiments, the general trends 
observed on both the mica and K-grain are dissimilar. Figure 15 reveals that Ex. 8 and 12 
had nearly identical adhesion for both salinity runs, with the low salinity values being 
marginally greater. The formation liquid pull-off force of about 2.75 nN in Ex. 8 reveals 
that higher adhesion is possible in a saline environment. Experiment 17 is more 
analogous to the bare silica experiments on mica, with a clear distinction based on 
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salinity and values of about 1 nN and less than 0.1 nN for low and high salinity, 
respectively. 
 Dry oil experiments run on a K-grain result in adhesion being greater in the 
formation liquid. Experiments 13 and 18 used different K-grains (Figure 17b), yet both 
yielded a fairly high pull-off force for the formation liquid. However, the low salinity 
averages for the same experiments lie within one standard deviation, as the formation 
liquid curves showed high variation. Both Ex. 16 and 18 were conducted on Grain 3, and 
had similar low salinity adhesion values (0.6 vs. 0.8 nN), yet had disparate adhesion in 
the formation liquid. This might suggest that, along with the significantly higher 
formation liquid values on mica, the dry oil coating primarily serves to increase adhesion 
in saline conditions. It has a more subdued or even negligible effect in low salinity 
environments. 
 Site-specific trends on the K-grain for Ex. 13 and 18 can also be seen in Figures 
19 and 21, respectively. These measurements show a noticeable variation among 
locations, fluctuating between higher and lower values at each site. These were the only 
measurements taken on Grain 2, so perhaps some aspect of the surface topography 
accounts for this fluctuation. Despite these differences, a clear salinity dependence exists 
for the dry oil on K-grain experiments in which adhesion values, which were present in 
all the curves, are greater for the formation liquid. Such variations between sites are less 
evident in Ex. 8, although there is a general decreasing trend across sites. 
Substrates  
 Figure 16 compares results on a mica substrate for the silica and dry oil coated 
probes. The pull-off force in the low salinity brine was greater in all cases, although only 
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marginally so in a couple of the dry oil experiments. Generally, the formation liquid data 
points had low adhesion (less than 1 nN, except for Ex. 8) and had very small standard 
deviations. Figure 17 shows experiments run on a K-grain, of which 3 separate sand-
sized quartz grains were used. Experiments 9 and 16 were conducted using a bare silica 
probe, while Ex. 13 and 18 had a dry oil-coated probe. This plot in particular illustrates a 
trend for the dry oil probes, in which the low salinity experiment results in a lower pull-
off force. That pattern is consistent even though two different grains were tested. The 
high standard deviations obtained from Ex. 13 suggest that Grain 2 may have been a 
relatively rougher surface, thus producing a wider range of values. As noted previously, 
only grains with the most visibly smooth surfaces were selected for the experiments, 
suggesting that sandstone reservoirs might contain topographies that are even more 
irregular than those tested here. 
Wet Oil-Coated Probe  
 A few experiments also used a wet oil coating on a mica substrate, and the results 
are plotted in Figures 22 and 23. Ex. 1 data appears quite analogous to the results 
obtained in Ex. 13 and 18, which were run on a K-grain with a dry oil coated probe. For 
example, the magnitude of the forces is on the order of 1.5-2 nN, with a slightly higher 
pull-off force in the formation liquid and a large amount of variation. Formation liquid 
results are vastly different in Ex. 6, with essentially no adhesion (over half the curves had 
no adhesion). The low salinity remained in the 1.5-2 nN range, however, and displayed a 
large standard deviation.  
Experiment 11 was also conducted with the same experimental set-up, yet 
produced peculiar results. Interesting patterns occur in the formation liquid run (Figure 
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23B), such as the steady decrease in the average adhesion value for each of the five sites. 
Site 1 had an average pull-off force of approximately 6.5 nN, whereas adhesion at Site 5 
was nearly half of that value at 3.6 nN. Additionally, the first curve recorded at each site 
is also the point with the lowest value in each case. This is suspected to occur because the 
viscous oil coating leaves behind a small film on the mineral surface, which affects later 
measurements taken at the same location on the grain. Figure 23A represents the low 
salinity run, with initially high, consistent values of 27 nN and 17 nN for Sites 1 and 2, 
respectively. For the remaining locations, it is suspected that the wet oil coating was 
gradually pulled off the tip due to the formation of a strong meniscus force between the 
probe and the mica surface, leaving the tip nearly bare. At Sites 3-5, no pull-off force can 
be detected. The lower adhesion at Site 2 is also believed to represent the oil beginning to 
be removed from the probe. A decreasing trend across individual curves can also be 
distinguished at Sites 1 and 2, and is likely the result of the oil pulling off the tip. 
Adhesion in these cases combines the effects of the meniscus and van der Waals 
attraction. So, as the oil pulls off, the meniscus force is diminished, lowering the overall 
adhesion. 
Repulsion  
As noted in the Results section, for all of the mica experiments, repulsion was 
present in only the low salinity run of Ex. 8 (Figure 24). The plot reveals a significant 
degree of variation across curves. After Site 1, the repulsive force at 10 nm falls between 
2.5-4 pN for the remaining sites. Electrostatic repulsion between the two negatively 
charged surfaces counteracts the van der Waals attractive force, causing the dry oil-
coated probe in this case to be repelled from the mica sheet. Given the likelihood that the 
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mica surfaces are adsorbing positive cations from the surrounding liquid, it becomes clear 
that surface chemistry theory doesn’t capture the effect of this change in surface charge. 
This may explain why the electrostatic repulsion that is predicted mathematically is 
largely missing from the approach curves.  Figure 26A shows the resonance frequency of 
the dried oil, which after 68 hours of drying at 50°C is slightly higher than the wet oil. 
Repulsion could also be detected from approach curves taken on the rougher K-
grains, as a more qualitative methodology using the initial response of the AFM probe to 
the surface forces was classified. Downward and upward flexure of the cantilever 
represented attractive and repulsive forces, respectively. In the formation liquid the 
majority of curves displayed neither tendency, with the exception of Experiment 9, which 
had about two-thirds of its curves exhibit adhesion. About 5-10% of observations, 
however, displayed repulsion, which suggests that electrostatic repulsion existed to a 
minor extent.  
The low salinity experiments told a much different story, with repulsion showing 
a much greater prevalence. For dry oil-coated probes, repulsion dominated while no 
adhesion was detected. It should also be noted that the dry oil experiments also showed a 
slightly greater proportion of curves displaying repulsion under high salinity conditions. 
Thus, dry oil-functionalized probes can be seen to have a degree of active repulsion 
against a quartz grain, effectively reducing its tendency to stick to the surface. The bare 
silica probe showed an approximately equal occurrence of repulsion and adhesion. Under 
low salinity conditions, the bare probe does not have a tendency to either adhere or repel 
away from the grain, suggesting a fairly neutral interaction with the surface. In addition, 
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higher molarity solutions have been demonstrated to reduce the range of repulsive forces, 
which explains the increased repulsion detected at low salinity. 
Implications for Oil Recovery  
 The dry oil experiments on the K-grain, which are effectively the best analogs for 
an actual reservoir, show decreased adhesion (Figure 15) and significant repulsion 
(Figure 25B) under low salinity conditions. Thus, it is predicted that a low salinity 
waterflood performed in a reservoir with components similar to those used in the 
experiments would result in enhanced oil recovery levels. This study indicates that the 
tendency for oil to stick to surrounding mineral surfaces would be diminished in a dilute 
solution, thus improving their ability to flow to the wellhead. We expect that the 













Conclusions    Analysis of microscopic interactions between an oil-coated probe and mineral 
surface point to low salinity conditions as being optimal for oil recovery. Dry oil 
experiments run in a low salinity brine on a quartz grain produced lower adhesion values 
and showed an initial repulsive response upon the tip encountering the mineral surface. 
The experimental materials came directly from a modern oil reservoir, making this set-up 
a close proxy for an actual subsurface environment. These nanoscale interactions can be 
extrapolated to the reservoir scale, implying that the use of low salinity injection fluids 
during waterflood events could substantially increase oil recovery by optimizing the 
attractive and repulsive forces affecting the oil’s adhesive behavior at depth. 
 The dry oil experiments run on mica showed a reverse trend, with higher salinity 
brines producing a relatively lower pull-off force. This suggests that a mica substrate 
does not sufficiently reflect the intermolecular forces, and that more approximate surfaces 
must be tested. The prevalence of sandstone as a reservoir rock in hydrocarbon systems 
makes quartz grains a more representative component. Further, Experiment 8, which had 
a dry-oil coated probe, was the only instance of electrostatic repulsion present on a mica 
surface.  
 The bare silica probe served as a control variable that indicated a trend of greater 
adhesion under low salinity conditions on mica, whereas the results of K-grain 
experiments show no identifiable trends. Thus, the experimental control suggests that the 
system works, which verifies the dry oil on K-grain results. 
 Additional experimentation, using both the components tested here as well as 
other substrates, crude oils, and brines, would provide more clarity and expand the basis 
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of scientific understanding on the problem of insufficient oil recovery. Further, 
experimental analysis under more representative high temperature and pressure 
conditions, as opposed to standard surface conditions, would provide a more accurate 
model system. Nevertheless, our findings generally agree with past research and confirm 
what has been observed from actual waterflood applications, as low salinity flooding is 
already used in industry. This points to the validity of the experimental techniques that 
have been used. The results of this study support the application of low salinity 
waterflooding to certain hydrocarbon reservoirs to further enhance recovery levels.                            
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Appendix A: Adhesion  
Note: In the results section, values are reported with fewer significant figures than what is 
shown here. 
Appendix A-1: Bare Silica Probe on Mica 
 
Data tables with adhesion values (in nN) calculated from force curves in experiments 
with a bare silica probe on a mica sheet. The mean and standard deviation for each set are 
included. 
 








Curve FL LS 
 
Curve FL LS 
 
Curve FL LS 
1 0.1339 2.2086 
 
21 0 2.4671 
 
41 0.0729 4.1583 
2 0.0979 2.018 
 
22 0 3.4867 
 
42 0.0969 4.1905 
3 0 2.018 
 
23 0 3.0661 
 
43 0 4.2465 
4 0 1.9411 
 
24 0 2.217 
 
44 0.1442 4.1221 
5 0 2.1093 
 
25 0 3.5102 
 
45 0 4.3763 
6 0 1.9468 
 
26 0 3.7142 
 
46 0 4.4095 
7 0 1.7533 
 
27 0.0393 4.0345 
 
47 0 --- 
8 0 1.6094 
 
28 0 4.1243 
 
48 0 --- 
9 0 1.9159 
 
29 0 4.2286 
 
Mean 0.0880 3.1369 
10 0 1.8962 
 
30 0 4.2866 
 
St Dev 0.0013 0.9963 
11 0 1.911 
 
31 0.0652 4.1478 
  
zeros removed 
12 0.122 1.808 
 
32 0 4.2275 
    13 0.029 2.063 
 
33 0 4.26 
    14 0 2.464 
 
34 0 4.2755 
    15 0 2.6553 
 
35 0 2.2692 
    16 0 2.6518 
 
36 0 3.5208 
    17 0 2.925 
 
37 0 3.8094 
    18 0 2.8294 
 
38 0.0809 4.4426 
    19 0.0855 2.6176 
 
39 0 4.3402 
    20 0 2.7651 
 
40 0 4.258 









Curve FL LS 
 
Curve LS 
1 0 0.703 
 
1 4.5423 
2 0 1.8183 
 
2 5.5657 
3 0 1.5821 
 
3 6.7422 
4 0 1.1002 
 
4 6.5759 
5 0 1.3222 
 
5 5.6033 
6 0 --- 
 
6 5.6775 
7 0 --- 
 
7 5.2295 
8 0 --- 
 
8 5.6485 
9 0 --- 
 
9 5.3899 
10 0 --- 
 
10 5.1424 
11 0 --- 
 
Mean 5.6117 
12 0 --- 
 
St Dev 0.6476 
13 0 --- 
   14 0 --- 
   15 0 --- 
   16 0 --- 
   17 0 --- 
   18 0.062 --- 
   19 0 --- 
   20 0 --- 
   21 0 --- 
   22 0 --- 
   23 0 --- 
   24 0 --- 
   25 0 --- 
   26 0 --- 
   27 0 --- 
   28 0 --- 
   29 0 --- 
   30 0 --- 
   31 0 --- 
   32 0 --- 
   33 0 --- 
   34 0 --- 
   35 0 --- 
   36 0 --- 
   37 0 --- 
   38 0 --- 
   39 0 --- 
   Mean 0 1.3052 
   St Dev 0 0.4315 








Curve FL LS 
 
Curve FL LS 
 
Curve FL LS 
1 0.0981 0.4884 
 
36 0.1138 0.8106 
 
71 0.0958 3.7577 
2 0.1272 0.8676 
 
37 0.1615 0.8564 
 
72 0.1393 2.5004 
3 0.168 1.3477 
 
38 0.1859 0.8533 
 
73 0.0813 --- 
4 0.0536 1.2543 
 
39 0 0.787 
 
74 0.0973 --- 
5 0.1941 1.5339 
 
40 0.0775 0.8422 
 
75 0.0417 --- 
6 0.1285 1.5217 
 
41 0.164 0.9398 
 
76 0.086 --- 
7 0.1265 1.4134 
 
42 0.1249 0.3212 
 
77 0.095 --- 
8 0.1393 1.1988 
 
43 0.1258 0.5893 
 
78 0.1096 --- 
9 0.1478 1.3132 
 
44 0.1557 0.5885 
 
79 0 --- 
10 0.1216 1.4896 
 
45 0.1135 0.7777 
 
80 0 --- 
11 0.0938 1.4595 
 
46 0.2774 0.776 
 
81 0.1178 --- 
12 0.1353 1.359 
 
47 0.1817 0.7404 
 
82 0 --- 
13 0.1384 1.3034 
 
48 0.0826 0.8926 
 
83 0.1275 --- 
14 0.1135 1.3022 
 
49 0.0477 0.8108 
 
84 0.2215 --- 
15 0.0516 1.4443 
 
50 0.1226 0.9092 
 
85 0.1138 --- 
16 0.1551 0.8351 
 
51 0.1192 0.8475 
 
86 0.0585 --- 
17 0.1166 1.0267 
 
52 0.0694 0.9984 
 
87 0.0592 --- 
18 0.1043 0.9384 
 
53 0.1011 0.9771 
 
88 0.1545 --- 
19 0.0789 1.1647 
 
54 0.0696 0.8956 
 
89 0.1535 --- 
20 0.0757 1.3034 
 
55 0.1016 0.4775 
 
90 0.0864 --- 
21 0.1217 1.1035 
 
56 0.1732 0.5482 
 
91 0.0972 --- 
22 0.186 1.1182 
 
57 0.0867 0.778 
 
92 0.0642 --- 
23 0.1513 1.1971 
 
58 0.1154 0.6027 
 
93 0.0545 --- 
24 0.1314 1.1163 
 
59 0.1279 0.7179 
 
94 0.1094 --- 
25 0.0892 1.0731 
 
60 0.0863 0.808 
 
95 0.0715 --- 
26 0 1.0357 
 
61 0.0356 0.841 
 
96 0.1031 --- 
27 0.0854 2.0921 
 
62 0.1334 0.8467 
 
Mean 0.1076 1.0535 
28 0.2034 2.086 
 
63 0.0974 0.7742 
 
St Dev 0.0491 0.5065 
29 0.1328 0.5516 
 
64 0.1285 0.8058 
    30 0.1055 0.6757 
 
65 0.0693 0.8396 
    31 0.1346 0.7277 
 
66 0.1255 0.8247 
    32 0.1617 0.6639 
 
67 0.1374 0.8727 
    33 0.0917 0.7929 
 
68 0.0861 0.913 
    34 0.0678 0.8404 
 
69 0.0797 1.7706 
    35 0.0311 0.8186 
 
70 0.0553 1.5036 








Curve LS-1 LS-2 
 
Curve LS-1 LS-2 
 
Curve LS-1 LS-2 
1 0.1266 0.6697 
 
36 0.0825 0.656 
 
71 0.1431 0.9678 
2 1.2854 0.7364 
 
37 0.1365 0.6249 
 
72 0.1282 0.8797 
3 1.4872 0.6691 
 
38 0.1092 0.5918 
 
73 0.1425 0.9596 
4 1.6801 0.5607 
 
39 0.0762 0.6999 
 
74 0.1603 0.988 
5 1.4171 0.7404 
 
40 0.0733 0.7526 
 
75 0.1855 1.0049 
6 1.3486 0.7564 
 
41 0.1023 0.7578 
 
76 0.1856 1.0429 
7 1.4092 0.7246 
 
42 0.1625 0.8184 
 
77 0.1999 1.052 
8 1.3515 0.7312 
 
43 0.1663 0.8156 
 
78 --- 1.1071 
9 1.3783 0.6932 
 
44 0.1878 0.7325 
 
79 --- 0.9893 
10 1.1967 0.6444 
 
45 0.1971 1.0175 
 
80 --- 0.9891 
11 0.1382 0.7681 
 
46 0.2344 0.9847 
 
81 --- 0.9859 
12 0.1705 0.9008 
 
47 0.1799 0.8386 
 
82 --- 1.1073 
13 0.127 0.6622 
 
48 0.2043 0.7858 
 
83 --- 1.036 
14 0.17 0.7625 
 
49 0.197 1.0349 
 
84 --- 1.179 
15 0.1499 0.6947 
 
50 0.177 0.7295 
 
85 --- 1.0252 
16 0.1312 0.8031 
 
51 0.1948 1.0413 
 
86 --- 1.1099 
17 0.1799 0.7513 
 
52 0.3199 0.8966 
 
87 --- 1.1139 
18 0.145 0.7702 
 
53 0.2188 1.0379 
 
88 --- 1.1051 
19 0.1656 0.7461 
 
54 0.2334 1.0556 
 
89 --- 1.1568 
20 0.2149 0.7247 
 
55 0.2383 0.9019 
 
90 --- 1.1992 
21 0.2271 0.5666 
 
56 0.2089 1.033 
 
91 --- 1.0771 
22 0.237 0.8326 
 
57 0.2302 1.1201 
 
92 --- 0.936 
23 0.2138 0.7944 
 
58 0.2124 0.9739 
 
93 --- 1.0579 
24 0.246 0.6909 
 
59 0.0854 0.8155 
 
Mean 0.3119 0.8829 
25 0.2222 0.737 
 
60 0.0692 0.9468 
 
St Dev 0.4031 0.1647 
26 0.2448 0.7492 
 
61 0.0669 1.11 
       27 0.2451 0.741 
 
62 0.1119 0.9984 
       28 0.2683 0.8049 
 
63 0.0567 1.1737 
       29 0.2261 0.7009 
 
64 0.0798 1.0004 
       30 0.2139 0.884 
 
65 0.1 1.0757 
       31 0.2189 0.822 
 
66 0.0519 0.9885 
       32 0.2317 0.7878 
 
67 0.1314 0.9636 
       33 0.2505 0.721 
 
68 0.1124 1.1262 
       34 0.22 0.8008 
 
69 0.1422 0.9167 
       35 0.0595 0.8543 
 
70 0.1219 1.0228 




Data tables with adhesion values (in nN) calculated from force curves in experiments 
with a bare silica probe on a sandstone grain. The mean and standard deviation are 
included for each site on the grain, as well as for the entire set. 
 
Note: FL = Formation Liquid, LS = Low Salinity  
  ExA-9 





2 0.5644 4 0.273 
3 0.6534 5 0.0802 
4 0.6673 6 0 
5 0.7579 7 0.0468 
6 0.6916 8 0.2568 
7 0.5221 9 0.263 
8 0.5611 10 0.062 
9 0.4421 11 0.0389 
10 0.4807 12 0.0514 
11 0.5418 13 0.0771 
12 0.4932 14 0.0348 
13 0.5635 15 0.0576 
14 0.5127 16 0.0602 









15 0.1981 19 0.0829 
16 0.1276 20 0.0658 
17 0.1065 21 0.0823 
18 0.0681 22 0.0808 






22 0.1153 24 0 
23 0.131 25 0 
24 0.0969 26 0.0382 
25 0.0768 27 0 
26 0.0992 28 0.0415 
27 0.1632 29 0.0885 









30 0.092 32 0 
31 0.2478 33 0 
32 0.0623 34 0.0549 
33 0.2483 35 0 
34 0.9871 36 0 
  Mean 0.1721 37 0   St Dev 0.2248 38 0.0224 
3 
35 0.2567 39 0.1611 
36 0.0249 40 0.089 
37 0.2925 41 0 
38 0.0599 42 0 
39 0.238 43 0.1069 
40 0.1543   Mean 0.0314 41 0.1055   St Dev 0.0460 42 0.2849 
3 
44 0.1121 
43 0.2115 45 0.2131 
44 0.2235 46 0.1655 
45 0.2557 47 0.2609 
46 0.2083 48 0.225 
47 0.2869 49 0.165 
48 0.1346 50 0.1797 
49 0.1899 51 0.1243 
50 0.1778 52 0.1859 
51 0.1838 53 0.142 









52 0.2417 56 0.0966 
53 0.3227 57 0.0632 
54 0.4131 58 0.0801 
55 0.4319 59 0.1676 
56 0.4315 60 0.0756 
57 0.4654 61 0 
58 0.5113 62 0.0479 
59 0.4924 63 0.0753 
60 0.6485 64 0.0235 
61 0.5831 65 0.0669 
62 0.5511   Mean 0.1236 63 0.4677   
 
St Dev 0.0675 
64 0.4423  
4 
66 0.3277 
65 0.4707 67 0.2831 









68 0.3396 70 0.4616 
  Mean 0.4414 71 0.3825   St Dev 0.1027 72 0.469 
5 
69 0.0277 73 0.5436 
70 0.2913 74 0.4554 
71 0.0442 75 0.4282 
72 0.031 76 0.4118 
73 0 77 0.5809 
74 0.0382 78 0.4194 
75 0.0481 79 0.4379 
76 0.0709 80 0.4785 
77 0.0323 81 0.5327 
78 0.0547 82 0.5212 
79 0.0239 83 0.5817 
80 0.039 84 0.5753 
81 0.0581 85 0.611 
82 0.0489 86 0.6403 
  Mean 0.0577 87 0.617 
  St Dev 0.0694  Mean 0.4839 
     St Dev 0.0949 
 Overall    
 Mean 0.2823  Overall 
 Std Dev 
0.2271  Mean 0.1914 
    St Dev 0.1927   
  ExA-16 





2 0.2801 2 0.3637 
3 0.2531 3 0.2921 
4 0.2266 4 0.4546 
5 0.1988 5 0.4405 
6 0.1107 6 0.5062 
7 0.1554 7 0.3728 
8 0.1718 8 0.4648 
9 0.1957 9 0.4426 
10 0.2024 10 0.44 
11 0.2473 11 0.4627 
12 0.2164 12 0.5754 
13 0.2459 13 0.501 
  73 
  Mean 0.2068 14 0.5444 
  St Dev 0.0456   Mean 0.4427 
2 




16 0.2805 16 0.5854 
17 0.2567 17 0.472 
18 0.1881 18 0.4645 
19 0.2678 19 0.4009 
20 0.2875 20 0.4593 
21 0.1462 21 0.3817 
22 0.2344 22 0.456 
23 0.234 23 0.506 
24 0.3097 24 0.4928 
25 0.2158 25 0.5131 
26 0.2317 26 0.5501 
27 0.3436 27 0.542 
  Mean 0.2312   Mean 0.4892 





29 0.0908 29 0.6631 
30 0.1954 30 0.5068 
31 0.2748 31 0.5288 
32 0.7248 32 0.7926 
33 0.2956 33 0.7063 
34 0.2089 34 0.5679 
35 0.3048 35 0.4562 
36 0.1627 36 0.6398 
37 0.1865 37 0.5307 
38 0.1554 38 0.8376 
39 0.3697 39 0.8017 
40 0.3257   Mean 0.6258 
41 0.5828   St Dev 0.1342 










42 0.3238 42 1.2833 
43 0.3988 43 0.3748 
44 0.5484 44 1.4884 
45 0.5312 45 0.8819 
46 0.6252 46 0.9084 
47 0.4787 47 1.0304 




49 0.574  
4 
49 1.1838 
50 0.5638 50 1.3004 
51 0.5353 51 1.0877 
52 0.6075 52 1.2814 
53 0.6117 53 0.9868 
54 0.5875   Mean 1.0509 
  Mean 0.5327   St Dev 0.2699 




55 0.1787 55 0.5792 
56 0.1312 56 0.4963 
57 0.1964 57 0.4557 
58 0.1778 58 0.4949 
59 0.1136 59 0.5406 
60 0.2084 60 0.5485 
61 0.0731 61 0.4993 
62 0.1092 62 0.4892 
63 0.1747 63 0.4056 
64 0.1583 64 0.441 
65 0.138 65 0.4637 
66 0.3352 66 0.4988 
67 0.2301 67 0.4359 
68 0.1593 68 0.5748 
69 0.1768   Mean 0.4984 
  Mean 0.1707   St Dev 0.0525 
  St Dev 0.0611 
   









St Dev 0.2674 
 
St Dev 0.1620 




Data tables with adhesion values (in nN) calculated from force curves in experiments 
with a dry oil-coated probe on a mica sheet. The mean and standard deviation for each set 
are included. 
 







Curve FL LS 
 
Curve FL LS 
 
Curve FL LS 
1 3.0339 1.9098 
 
26 2.3322 2.6852 
 
51 3.0695 3.1562 
2 2.9961 3.0776 
 
27 2.1825 2.6843 
 
52 2.9833 2.877 
3 3.336 2.71 
 
28 2.4074 2.9664 
 
53 2.8521 2.7781 
4 2.7329 2.6416 
 
29 2.494 2.7865 
 
54 2.8078 2.839 
5 2.2705 3.1293 
 
30 2.4492 2.7165 
 
55 3.0043 2.9182 
6 3.1027 3.8065 
 
31 2.5008 2.8682 
 
56 2.9258 2.8472 
7 3.137 3.2634 
 
32 2.5006 3.0512 
 
57 2.9447 2.976 
8 2.9115 3.1884 
 
33 2.4347 3.0475 
 
58 3.0651 2.9264 
9 2.663 3.4735 
 
34 2.3154 2.9991 
 
59 2.9039 3.0755 
10 2.8469 3.1099 
 
35 2.496 3.1913 
 
60 3.0435 3.0974 
11 2.7418 2.9151 
 
36 2.5804 3.0902 
 
61 2.9724 3.0295 
12 2.7932 3.1704 
 
37 2.4268 3.0049 
 
62 3.0211 2.8899 
13 2.7814 2.6762 
 
38 2.5697 2.735 
 
63 3.0329 3.1271 
14 2.5788 2.7416 
 
39 2.6781 2.9287 
 
64 2.9767 3.3733 
15 2.6987 2.9543 
 
40 2.6091 2.4546 
 
65 3.0161 3.2023 
16 2.7598 2.7446 
 
41 2.642 2.7375 
 
66 2.9424 --- 
17 2.6057 3.1121 
 
42 2.5735 2.8516 
 
67 2.9635 --- 
18 2.8662 2.7748 
 
43 2.5755 3.1045 
 
68 3.0093 --- 
19 2.5658 2.9829 
 
44 2.8726 3.2691 
 
69 3.2705 --- 
20 2.7498 2.907 
 
45 2.6803 3.3016 
 
70 3.2088 --- 
21 2.4074 2.9846 
 
46 3.2207 3.0102 
 
Mean 2.7684 2.9764 
22 2.4056 3.1751 
 
47 3.1626 3.1981 
 
St Dev 0.2823 0.2617 
23 2.4056 2.8218 
 
48 3.0275 3.1259 
    24 2.2559 3.0864 
 
49 2.9717 3.2188 
    25 2.3472 2.7874 
 
50 3.0803 3.1791 






Curve FL LS 
 
Curve FL LS 
1 0.2208 0.3999 
 
36 0.3995 0.6124 
2 0.1982 0.8303 
 
37 0.2788 0.6399 
3 0.2691 0.5839 
 
38 0.4975 0.4456 
4 0.2936 0.4503 
 
39 0.4556 0.538 
5 0.2688 0.6675 
 
40 0.3172 0.5574 
6 0.3798 0.564 
 
41 0.292 0.6805 
7 0.2246 0.6329 
 
42 0.4049 0.5191 
8 0.309 0.7109 
 
43 0.451 0.5748 
9 0.4149 0.7626 
 
44 0.5532 0.4244 
10 0.1724 0.6568 
 
45 0.5284 0.5024 
11 0.4279 0.6552 
 
46 0.2432 0.5958 
12 0.2805 0.5514 
 
47 0.4959 0.555 
13 0.3883 0.6016 
 
48 0.2575 0.4282 
14 0.4372 0.4692 
 
49 0.39 0.5929 
15 0.4266 0.7312 
 
50 0.3876 0.5509 
16 0.3219 0.7042 
 
51 0.3481 0.6738 
17 0.4881 0.5709 
 
52 0.3931 0.6667 
18 0.3885 0.4275 
 
53 0.4704 0.5314 
19 0.4677 0.6632 
 
54 0.3435 0.7018 
20 0.477 0.546 
 
55 0.2273 0.7664 
21 0.4275 0.3884 
 
56 0.3649 0.6735 
22 0.4242 0.5061 
 
57 0.3654 0.4101 
23 0.4599 0.5024 
 
58 0.3749 0.7473 
24 0.5036 0.5026 
 
59 0.3485 0.6251 
25 0.4812 0.6954 
 
60 0.4321 0.9855 
26 0.4187 0.5371 
 
61 0.5756 0.6132 
27 0.4289 0.509 
 
62 0.3911 0.5773 
28 0.4871 0.609 
 
63 0.3499 0.5464 
29 0.5205 0.8867 
 
64 0.5916 0.9127 
30 0.3926 0.5008 
 
65 0.4756 0.68 
31 0.4134 0.4906 
 
Mean 0.3945 0.6016 
32 0.4147 0.6176 
 
St Dev 0.0955 0.1223 
33 0.494 0.6771 
       34 0.5156 0.5246 
       35 0.3986 0.6476 






Curve FL LS 
 
Curve FL LS 
1 0.0335 1.2672 
 
39 0.0278 1.0294 
2 0.037 1.4255 
 
40 0.024 1.2379 
3 0 1.5136 
 
41 0.0259 1.4371 
4 0 1.3033 
 
42 0.0255 1.4759 
5 0.0362 1.5285 
 
43 0.0292 1.4958 
6 0.0304 1.3059 
 
44 0.0253 1.3886 
7 0.0309 1.2824 
 
45 0 1.5353 
8 0.0283 1.373 
 
46 0 1.623 
9 0.0222 1.3752 
 
47 0.0249 1.3867 
10 0.022 1.2951 
 
48 0.0301 1.6443 
11 0.0245 1.4889 
 
49 0.0264 1.2146 
12 0.0286 1.4267 
 
50 0.028 1.3407 
13 0.0269 1.5443 
 
51 0 1.2944 
14 0.0295 1.2475 
 
52 0.0266 1.3981 
15 0 1.2295 
 
53 0.0356 1.4601 
16 0.0244 1.4724 
 
54 0.0325 1.2769 
17 0.0494 1.1603 
 
55 0.0336 1.4956 
18 0.0307 1.4668 
 
56 0.0258 1.2292 
19 0.0283 1.2987 
 
57 0.0343 1.3707 
20 0 1.3386 
 
58 0 1.4379 
21 0.0359 1.4038 
 
59 0.0219 1.5139 
22 0.0346 1.2361 
 
60 0.0447 1.4718 
23 0.0389 1.4517 
 
61 0.0225 1.3688 
24 0.0359 1.5475 
 
62 0.0267 1.4716 
25 0.0293 1.4649 
 
63 0.0305 1.5856 
26 0.0253 1.2918 
 
64 0.0343 1.4967 
27 0.0268 1.43 
 
65 0 1.6736 
28 0.0297 1.3933 
 
66 0.031 1.3333 
29 0.0344 1.2223 
 
67 0.0372 --- 
30 0 1.3048 
 
68 0.0277 --- 
31 0.0273 1.198 
 
69 0.0307 --- 
32 0.0312 1.1716 
 
70 0.0265 --- 
33 0.0257 1.1594 
 
Mean 0.0248 1.3718 
34 0.0276 1.1583 
 
St Dev 0.0124 0.1397 
35 0 1.0449 
       36 0.0288 1.4539 
       37 0 1.4093 
       38 0.0339 1.1668 




Data tables with adhesion values (in nN) calculated from force curves in experiments 
with a dry oil-coated probe on a sandstone grain. The mean and standard deviation are 
included for each site, as well as for the entire set. 
 
Note: FL = Formation Liquid, LS = Low Salinity   
  ExA-13 





2 1.3495 2 1.8247 
3 1.6042 3 2.0386 
4 3.1555 4 1.9085 
5 3.8511 5 2.083 
6 3.9918 6 1.8784 
7 3.5562 7 1.9737 
8 2.5965 8 1.8183 
9 2.6451 9 1.7757 
10 2.6983 10 1.9598 
11 2.207 11 2.0198 
12 2.4616 12 1.8538 
13 2.3117 13 1.8317 
14 2.1243 14 1.8889 
15 2.3936 15 1.6172 
16 2.3246   Mean 1.8388 
17 2.4443   St Dev 0.2329 














18 3.5731 18 1.2961 
19 5.2068 19 2.2662 
20 5.2441 20 2.114 
21 5.506 21 2.3945 
22 5.6773 22 2.9177 
23 5.4607 23 2.988 
24 5.0619 24 2.9343 
25 5.4277 25 3.1781 




27 5.4464  
2 
27 3.5775 
28 7.0414 28 3.3064 
29 6.4405 29 2.7692 
30 5.9416 30 3.4074 
31 5.49   Mean 2.5233 
  Mean 5.4909   St Dev 0.8366 




32 0.4225 32 1.5287 
33 0.3932 33 1.5268 
34 0.2681 34 1.6463 
35 0.3421 35 1.3289 
36 0.3837 36 1.2493 
37 0.4838 37 1.3291 
38 0.4132 38 1.1847 
39 0.2766 39 1.3289 
40 0.2887 40 1.0329 
41 0.3924 41 0.9391 
42 0.3209 42 0.9414 
43 0.2075 43 0.9048 
44 0.2064 44 0.9548 
45 0.2638 45 1.0594 
46 0.4399   Mean 1.2146 
  Mean 0.3402   St Dev 0.2387 




47 2.1746 47 1.596 
48 3.9954 48 1.7882 
49 5.1599 49 1.5946 
50 4.8387 50 1.8107 
51 4.5663 51 1.5676 
52 5.3642 52 1.3667 
53 5.3976 53 1.042 
54 5.5218 54 1.5354 
55 5.0746 55 1.5385 
56 4.5767 56 1.4466 
57 4.1189 57 1.4524 
58 4.1562 58 1.7451 
59 4.1632 59 1.4782 
60 3.8286 60 1.4918 
61 7.069   Mean 1.5383 
  Mean 4.6670   St Dev 0.1873 












63 0.6876 63 0.8457 
64 0.676 64 0.7968 
65 0.6601 65 0.7848 
66 0.7011 66 0.7024 
67 0.6929 67 0.5066 
68 0.6655 68 1.0612 
69 0.6797 69 1.02 
70 0.7988 70 0.7204 
71 0.889 71 0.6637 
72 1.0083 72 0.8911 
73 0.7807 73 0.965 
74 0.6499 74 1.238 
75 0.8309 75 1.1025 
76 0.8854 76 1.2272 
77 1.0166   Mean 0.9045 
  Mean 0.7543   St Dev 0.2043 
  St Dev 0.1466 
   









St Dev 0.6942 
 
St Dev 2.1395 
      
  ExA-18 





2 2.3141 2 1.6624 
3 2.3142 3 1.5918 
4 2.243 4 1.3682 
5 1.8518 5 1.2616 
6 1.8651 6 1.4481 
7 2.0259 7 1.1074 
8 2.0979 8 1.0375 
9 1.955 9 1.1997 
10 2.2364 10 1.085 
11 1.9792 11 1.1407 
12 2.1322 12 1.1261 
  Mean 1.9606   Mean 1.3990 












14 0.6692 14 0.8296 
15 1.2022 15 1.0552 
16 1.4983 16 0.7979 
17 1.7819 17 0.8864 
18 1.6251 18 0.643 
19 1.8557 19 0.9099 
20 1.9812 20 0.844 
21 2.0893 21 0.8498 
22 1.6461 22 0.9599 
23 1.81 23 0.6872 
24 1.5264 24 0.8033 
  Mean 1.5379   Mean 0.8634 





26 0.9378 26 1.7301 
27 0.6382 27 1.4256 
28 0.7167 28 1.2417 
29 0.4525 29 1.1214 
30 0.5438 30 0.8816 
31 0.4113 31 0.8369 
32 0.4546 32 0.6954 
33 0.5201 33 0.8124 
34 0.6492 34 0.8266 
35 0.5486 35 1.5079 
36 0.7292 36 1.4069 
37 0.8706   Mean 1.0984 




  Mean 0.6309 38 0.5893 







40 0.8422 40 0.3977 
41 1.6517 41 0.5421 
42 1.5428 42 0.4912 
43 1.4462 43 0.5938 
44 1.4323 44 0.4683 
45 1.1994 45 0.4975 
46 0.9714 46 0.3204 
47 0.7109 47 0.54 
48 1.2619 48 0.6055 








52 0.9291 50 0.4117 
  Mean 1.1552 51 0.3027 
  St Dev 0.2961 52 0.491 
5 
53 0.4061 53 0.3779 
54 0.5945 54 0.4003 
55 0.4186 55 0.4874 
56 0.5018 56 0.3901 
57 0.6049 57 0.4717 
58 0.7289 58 0.3248 
59 0.4725 59 0.4716 
60 0.7668 60 0.335 
61 0.7295   Mean 0.3885 
62 0.8968   St Dev 0.0882 
63 0.647 
   64 0.659 
 
Overall 
  Mean 0.6189 
 
Mean 0.8454 
  St Dev 0.1499 
 
St Dev 0.4664 
      
 
Overall 
   
 
Mean 1.1545 
   
 
St Dev 0.6115 




Data tables with adhesion values (in nN) calculated from force curves in experiments 
with a wet oil-coated probe on a mica sheet. The mean and standard deviation for each 
set are included. 
 





Curve FL LS 
 
Curve FL LS 
1 2.6 1.5 
 
26 1.5 1.4 
3 2.1 1.8 
 
27 1.8 1.5 
4 2 1.6 
 
28 1.8 1.5 
5 2.4 1.6 
 
29 1.9 1.5 
6 2 1.5 
 
30 1.3 1.6 
7 3.3 1.5 
 
31 1.5 1.7 
8 3.1 1.5 
 
32 1.3 1.7 
9 3.2 1.5 
 
33 1.5 1.7 
10 2.8 1.5 
 
34 1.6 1.6 
11 2.5 1.3 
 
35 1.6 1 
12 2.3 1.4 
 
36 1.4 1.3 
13 2.1 1 
 
37 1.4 1.5 
14 2.2 1.1 
 
38 1.5 1.7 
15 1.8 1.1 
 
39 1.5 1.5 
16 2 1.1 
 
40 1.2 1.7 
17 2 1.2 
 
41 1.5 1.6 
18 1.8 1.3 
 
42 1.5 1.6 
19 1.6 1.4 
 
43 1.3 1.6 
20 1.6 1.3 
 
44 1.5 1.6 
21 1.7 1.4 
 
45 1.4 --- 
22 1.6 1.4 
 
46 1.6 --- 
23 1.7 1.4 
 
47 1.6 --- 
24 1.4 1.2 
 
48 1.7 --- 
25 1.6 1.4 
 
49 1.7 --- 
    
50 1.7 --- 
    
Mean 1.83061 1.44884 
    








Curve FL LS 
 
Curve FL LS 
 
Curve FL LS 
1 0.0684 1.965 
 
31 0.0527 1.4416 
 
61 0 1.4707 
2 0.103 2.7875 
 
32 0 1.377 
 
62 0 1.4858 
3 0.0934 3.3588 
 
33 0.0648 1.4307 
 
63 0 1.5733 
4 0.0517 3.4136 
 
34 0.0598 1.4809 
 
64 0.0627 1.6227 
5 0.0644 3.3801 
 
35 0.0606 1.817 
 
65 0.0563 1.8042 
6 0.0333 2.6996 
 
36 0.0529 1.9146 
 
66 --- 1.7955 
7 0 2.9892 
 
37 0 1.8621 
 
67 --- 1.8613 
8 0.0527 2.6244 
 
38 0 2.1014 
 
68 --- 2.0279 
9 0 2.6664 
 
39 0.0515 1.917 
 
69 --- 2.1654 
10 0.0535 2.6487 
 
40 0 1.7537 
 
70 --- 0.8526 
11 0.0632 2.7415 
 
41 0.0719 1.7233 
 
71 --- 1.0179 
12 0.0446 2.6748 
 
42 0.0533 1.7406 
 
72 --- 1.0871 
13 0 2.6584 
 
43 0 0.6957 
 
73 --- 1.0217 
14 0 2.614 
 
44 0.0562 1.0093 
 
74 --- 1.1314 
15 0 0.7944 
 
45 0 1.1814 
 
75 --- 1.2984 
16 0 1.1673 
 
46 0.0437 1.3119 
 
76 --- 1.3602 
17 0 1.4186 
 
47 0 1.3841 
 
77 --- 1.2505 
18 0 1.419 
 
48 0 1.4973 
 
78 --- 1.5608 
19 0 1.4965 
 
49 0.0958 1.8121 
 
79 --- 1.4077 
20 0 1.5882 
 
50 0.063 1.5724 
 
80 --- 1.4352 
21 0 1.7435 
 
51 0.0563 1.6871 
 
81 --- 1.7431 
22 0 1.8274 
 
52 0 1.8591 
 
82 --- 1.6865 
23 0 1.7798 
 
53 0 1.7606 
 
Mean 0.0283 1.7417 
24 0 1.8949 
 
54 0.0536 1.7657 
 
St Dev 0.0317 0.5981 
25 0 1.8826 
 
55 0 1.9355 
     26 0 1.8984 
 
56 0 1.058 
     27 0 1.8598 
 
57 0.0461 1.172 
     28 0.0669 1.9296 
 
58 0 1.2431 
     29 0.0418 0.5957 
 
59 0.052 1.2869 
     30 0 1.4063 
 
60 0.051 1.4458 








Curve FL LS 
 
Curve FL LS 
 
Curve FL LS 
1 2.5091 --- 
 
31 5.5101 --- 
 
61 4.8906 --- 
2 5.901 --- 
 
32 5.5806 --- 
 
62 4.6702 --- 
3 7.5349 29.7353 
 
33 5.6473 --- 
 
63 4.8016 --- 
4 6.8985 28.4831 
 
34 5.6572 --- 
 
64 4.9468 --- 
5 6.3517 28.4595 
 
35 5.6493 --- 
 
65 4.7528 --- 
6 6.8597 28.0151 
 
36 3.2043 --- 
 
66 4.9373 --- 
7 6.7141 27.3469 
 
37 4.1407 --- 
 
67 4.9218 --- 
8 6.8803 26.8924 
 
38 4.1948 --- 
 
68 1.8059 --- 
9 7.0166 26.4124 
 
39 4.3694 --- 
 
69 3.2585 --- 
10 6.5902 26.6293 
 
40 4.4649 --- 
 
70 3.4286 --- 
11 6.2189 26.1878 
 
41 4.4074 --- 
 
71 3.3851 --- 
12 6.0373 27.4317 
 
42 4.7179 --- 
 
72 3.485 --- 
13 7.314 26.8975 
 
43 4.5701 --- 
 
73 3.5871 --- 
14 6.9388 27.0436 
 
44 4.7815 --- 
 
74 3.6433 --- 
15 6.6378 27.638 
 
45 6.0721 --- 
 
75 3.9184 --- 
16 6.6345 19.1751 
 
46 5.6373 --- 
 
76 4.1125 --- 
17 7.0615 --- 
 
47 5.5048 --- 
 
77 4.2195 --- 
18 6.8598 --- 
 
48 5.7183 --- 
 
78 4.014 --- 
19 7.3236 --- 
 
49 5.8141 --- 
 
79 3.7785 --- 
20 3.0673 --- 
 
50 5.7288 --- 
 
80 3.7786 --- 
21 5.047 --- 
 
51 2.4708 --- 
 
Mean 5.0867 26.8820 
22 5.8919 --- 
 
52 3.803 --- 
 
St Dev 1.2548 2.4140 
23 5.4293 --- 
 
53 3.8405 --- 
       24 5.4604 --- 
 
54 3.8548 --- 
       25 5.5337 --- 
 
55 5.2852 --- 
       26 5.2927 --- 
 
56 4.8425 --- 
       27 5.3351 --- 
 
57 4.8579 --- 
       28 5.3136 --- 
 
58 4.7683 --- 
       29 5.2392 --- 
 
59 4.8323 --- 
       30 5.796 --- 
 
60 4.9841 --- 
                 
  86 
Appendix B: Repulsion 
 
Data tables with repulsion at 10 nm values (in pN) calculated from approach curves in 
experiment 8 (dry oil-coated probe on mica). The mean and standard deviation for the set 
are included. 
 
Notes: LS = Low Salinity. In the results section, values are reported with fewer 




















































































St Dev 3.8575     zeros removed  
